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In order to minimize boil off of the liquid oxygen and liquid hydrogen and to 
prevent the formation of ice on its exterior surface, the Space Shuttle External Tank (ET) 
is insulated using various low-density, closed-cell polymeric foams. Improved analysis 
methods for these foam materials are needed to predict the foam structural response and 
to help identify the foam fracture behavior in order to help minimize foam shedding 
occurrences. This presentation describes a continuum based approach to modeling the 
foam thermo-mechanical behavior that accounts for the cellular nature of the material and 
explicitly addresses the effect of the internal cell gas pressure. 

A porous media approach is implemented in a finite element frame work to model 
the mechanical behavior of the closed cell foam. The ABAQUS general purpose finite 
element program is used to simulate the continuum behavior of the foam. The soil 
mechanics element is implemented to account for the cell internal pressure and its effect 
on the stress and strain fields. The pressure variation inside the closed cells is calculated 
using the ideal gas laws. The soil mechanics element is compatible with an orthotropic 
materials model to capture the different behavior between the rise and in-plane directions 
of the foam. 

The porous media approach is applied to model the foam thermal strain and calculate the 
foam effective coefficient of thermal expansion. The calculated foam coefficients of 
thermal expansion were able to simulate the measured thermal strain during heat up from 
cryogenic temperature to room temperature in vacuum. The porous media approach was 
applied to an insulated substrate with one inch foam and compared to a simple elastic 
solution without pore pressure. The porous media approach is also applied to model the 
foam mechanical behavior during subscale laboratory experiments. In this test, a foam 
layer sprayed on a metal substrate is subjected to a temperature variation while the metal 
substrate is stretched to simulate the structural response of the ta nk during operation. The 
thermal expansion mismatch between the foam and the metal substrate and the thermal 
gradient in the foam layer causes high tensile stresses near the metal/foam interface that 
can lead to delamination. 
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Data courtesy of E. Stokes: Thermal expansion of three ET Polyurethane and Polyisocyanurate foams 11613 


Porous-Media applied to thermal-strain experiment 
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- Verify the CTE and pore pressure using the vacuum data 
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Data courtesy of E. Stokes: Thermal expansion of three ET Polyurethane and Polyisocyanurate foams 11613 
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Data courtesy of E. Stokes: Thermal expansion of three ET Polyurethane and Polyisocyanurate foams 11613 
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Data courtesy of E. Stokes: Thermal expansion of three ET Polyurethane and Polyisocyanurate foams 11613 
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Data courtesy of E. Stokes: Thermal expansion of three ET Polyurethane and Polyisocyanurate foams 11613 
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Data courtesy of E. Stokes: Thermal expansion of three ET Polyurethane and Polyisocyanurate foams 11613 


High Temperature Thermal Strain 

Thermal Expansion BX-265 



Data from B. A. Lerch (NASA GRC) 


Thermogravimetric Analysis of Pulverized BX-265 
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Simple Example to Determine the Advantage of the 

Porous Media Formulation 

. -18 C 


▲ 


X 








N 


O 

o 

m 

<N 


<D 

a 


VO 

<N 


VO 

<N 



www.nasa.gov 20 


Foam through thickness stress profiles 

Simple Elastic Solution 
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Foam through thickness stress profiles 

Porous Media Solution 



CD 

O 

03 

CL 

CO 

"O 

c 

03 

C/3 

O 

03 


CD 

< 

"03 

c 

o 

-t— < 

03 


Pore Pressure, MPa 


> 

o 

CD 

CD 

CD 

CD 


O 

© 


O) 

o 


00 

o 


r^- 

o 


to 

o 


m 

o 


o 


CO 

o 


CM 

o 


© 

© 


o 

o 



CO 

© 


CM 

© 


CM 

© 


o 

© 


o 

© 


o 

© 


00 

© 


(£> 

© 


© 


CM 

© 


o 

© 


BdlAI ‘ssejis 


Normalized distance from bottom, Y/t 



> 

o 

CD 

03 

CD 

CD 


CD 

O 


CD 

C 

2 

ID 

< 


GO 



'-a 


>• 

o 


•* 

44 

.2 o 


+-> 


<D 



a 

CD £ 

i <D 


o 




<D 

44 

-h- * 

a 

<D 

(D 


<D 

4^ 

PS 

O 

• rH 

-H- * 

4* 

4^ 

• rH 

+-> 

go 

• rH 

"O 

go 

go 

<D 

+-» 

§ <« 

2 (D 
to r"! 

i ^ 

0 
o 

03 
Q. 

c n 

"O 

c 
03 


o 

a 

o 

GO 

i-H 

J-H 

Ctf 

Qh 


O 

1 o 



oo 

© 


CO 

© 


© 


CN 

© 


© 

© 


edi/M ‘ssajis 


Normalized distance from bottom, Y/t 


National Aeronautics and Space Administration 



www.nasa.gov 24 


Foam through thickness stress profiles 

Porous Media Solution 
with Substrate Stress (150 MPa) 
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Temperature Profile for Gradient Test 
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Develop a failure criteria for the cryoflex specimen based on the 
experimental observation and FEA results 


